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g r a p h i c a l a b s t r a c t
� Detection of SARS-CoV-2 using a
combination of recombinase poly-
merase amplification (RPA) and
rkDNAegraphene oxide.

� The combined RPA/rkDNA-GO probe
system exhibited high selectivity and
sensitivity for the diagnosis of
COVID-19.

� Simple processing for the rapid (1.6
h) diagnosis of COVID-19 (SARS-CoV-
2).
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The development of rapid, highly sensitive, and selective methods for the diagnosis of infection by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) should help to prevent the spread of this
pandemic virus. In this study, we combined recombinase polymerase amplification (RPA), as a means of
isothermal DNA amplification, with an rkDNAegraphene oxide (GO) probe system to allow the rapid
detection of SARS-CoV-2 with high sensitivity and selectivity. We used in situ enzymatic synthesis to
prepare an rkDNA probe that was complementary to an RPA-amplified sequence of the target N-gene of
SARS-CoV-2. The fluorescence of this rkDNA was perfectly quenched in the presence of GO. When the
quenched rkDNAeGO system was added to the RPA-amplified sequence of the target SARS-CoV-2, the
fluorescence recovered dramatically. The combined RPA/rkDNAeGO system exhibited extremely high
selectivity (discrimination factor: 17.2) and sensitivity (LOD ¼ 6.0 aM) for the detection of SARS-CoV-2.
The total processing time was only 1.6 h. This combined RPA/rkDNAeGO system appears to be a very
efficient and simple method for the point-of-care detection of SARS-CoV-2.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) began spreading around the world at the end of 2019, and
continues to cause coronavirus disease (COVID-19) to this day [1].
SARS-CoV-2 is a type of RNA beta coronavirus; it is related to SARS-
CoV, which broke out from 2002 to 2004 [2]. Although attempts
have been made to develop drugs and vaccines to conquer the
COVID-19 pandemic, no efficient treatments are available at pre-
sent [3]. Diagnosis of COVID-19 remains the only way to prevent
infection at this stage. In this study, we sought to develop a rapid
and simple, yet highly sensitive and selective, method for the
diagnosis of COVID-19 at the point of care, with the hope of helping
to prevent the fast propagation of this disease (see Scheme 1).
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Scheme 1. Combining RPA with an rkDNAeGO system for the detection of COVID-19.
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The reverse transcription polymerase chain reaction (RT-PCR)
can be used for the detection of viral RNA with high sensitivity and
selectivity [4e7]. Unfortunately, PCR is impossible to perform
without equipment for gene amplification, and it demands com-
plex diagnostic processing; thus, the initial setting cost is very high,
and obtaining diagnostic results takes a long time. Thus, PCR is
difficult to use as a point-of-care diagnostic method for rapid
detection. Many attempts have been made to develop isothermal
amplification methods to rapidly obtain detectable concentrations
of nucleic acids at a fixed temperature; for example, nucleic acid
sequenceebased amplification (NASBA) [8,9], loop-mediated
isothermal amplification (LAMP) [9e11], and recombinase poly-
merase amplification (RPA) [12e14]. To improve their efficiency,
sensitivity, and selectivity, these isothermal amplification methods
have been combined with various tools, including CRISPR systems
[15e17], lateral flow strips [17,18], and DNA nano switches [19].

For this present study, we chose RPA as our isothermal ampli-
fication technique because of its suitability for point-of-care
detection; it requires only 20 min to amplify a target gene to a
detectable concentration [20]. Accordingly, we combined RPA
isothermal amplification with the rkDNAegraphene oxide (GO)
detection system that our group developed previously [21]. In
previous studies, we have found that the rkDNAeGO system allows
the detection of target DNAwithin a short period of time, operating
through a simple displacement mechanism and a change in
photoinduced electron transfer (PET) [21e25]; nevertheless, this
system displayed relatively low sensitivity (on the micromolar
scale) and low selectivity toward its target DNA. On the other hand,
RPA isothermal amplification can display poor selectivity when
applied in direct diagnostic tools, even though it can rapidly
amplify DNA, potentially inducing many nonspecific amplification
products [26e29]. Thus, we thought that combining RPA with the
rkDNAeGO systemmight provide a diagnostic tool complementing
the weaker aspects of each system. The.

rkDNAeGO system is a simple and inexpensive probe for the
detection of DNA and RNA. Once the probe has been prepared (any
DNA or RNA sequence can be applied), the operating process is
simple: mixing the rkDNA with GO and adding the blend to the
target DNA or RNA; the signal appears within 20 min. The selec-
tivity and sensitivity in our previous reports were not particularly
high because we did not use any signal amplification steps and
because the displacement mechanism did not allow the sensitive
discrimination of mismatched sequences on GO. For this present
study, we suspected that a double selection step involving RPA and
rkDNA displacement on GO would improve the selectivity, while
the RPA step would also improve the sensitivity.
2

2. Experimental

2.1. General information

All natural oligonucleotides and M-MLV reverse transcriptase
were purchased from Bioneer (South Korea) and Cosmogenetech
(South Korea). Vent (exo-) DNA polymerase was purchased from
New England BioLabs (USA). Lambda exonuclease, RNase Inhibitor,
dATP, dCTP, and dGTP were purchased from Enzynomics (South
Korea). A TwistAmp® Basic for RPA reaction kit was purchased from
Twist DX (UK). A QIAquick nucleotide removal kit for DNA purifi-
cationwas purchased from QIAGEN (Germany). The fluorescence of
a sample in a quartz cuvette (path length: 1 cm) was recorded at
room temperature using a PF-6500 spectrofluorometer (JASCO).
The N gene of the SARS-CoV-2 sequence was downloaded from
GenBank (RefSeq: NC_045512.2). For the verification with human
specimen, the spiked sample was used.
2.2. rkDNA preparation

Duplex formation between the primer and template for rkDNA
was performed through annealing: heating at 95 �C and then
cooling slowly to room temperature. A combination of duplex DNA
(0.05 mM, 6.5 mL) and a mixture of dUrkTP, dATP, dCTP, and dGTP
(each 2 mM, 5 mL) was added to a Vent (exo-) DNA polymerase
buffer solution containing Mg2þ ions. The total volume of the so-
lution was increased to 12 mL through the addition of Vent (exo-)
DNA polymerase (2U/mL, 0.5 mL). This samplewas incubated at 37 �C
for 6 h 10x Lambda exonuclease buffer (1.8 mL) and Lambda
exonuclease (5U/mL, 1 mL) were added to the incubated solution.
This samplewas incubated at 37 �C for 20min before being purified
using a QIAquick nucleotide removal kit.
2.3. Optimization of rkDNA interaction with GO

rkDNA (100 mL) was placed in a 1.5-mL tube. GO (from 0.02 to
0.18 mg) was added from a solution of GO (1 mg/1 mL). Water was
added to a volume of 500 mL and then 2x Trizma buffer (50mM Tris,
100 mM NaCl, 20 mM MgCl2; 500 mL) was added, giving a 1 mL
solution in 1x Trizma buffer. This mixture was vortexed for 3 min.
To ensure that the fluorescence of the rkDNA was absorbed by GO,
the mixture was centrifuged for 20 min at 13,000 rpm. The liquid
phase was collected and its fluorescence emission spectrum
measured.
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2.4. RPA and production of the target

Following the general procedure of the Twist DX RPA kit, the
primer-free rehydration buffer (29.5 mL) was placed in a 1.5-mL
tube and then 5 mL of 10 mM forward and reverse primers (each
50pmole) were added into 1.50 mL tube with 2 mL of 100 mM DTT.
Next 5 mL of target with 0.5 mL of RNase Inhibitor and 1uL of M-MLV
reverse transcriptase were added into the tube. This solution was
transferred to a TwistAmp Basic reaction kit and a pipette was used
to mix it with lyophilized enzymes. The mixture was transferred to
a 1.5-mL tube; 280 mM Mg(OAc)2 (2.5 mL) was added and mixed
well. The reaction was incubated at 37 �C. After 4 min, the contents
of the tube were vortex-mixed and then placed in the incubator for
another 16 min. To cleave the reverse primer, 10x Lambda exonu-
clease buffer (5.7 mL) and Lambda exonuclease (5U/mL, 1 mL) were
added and the sample was incubated at 37 �C for 20 min.

2.5. Detection of the amplified target

After target amplification using the RPA kit, the samples were
transferred to a tube containing 0.1 mM rkDNA and 0.18 mg GO
(280 mL). Water was added to 500 mL and then 2x Trizma buffer
(50 mM Tris, 100 mM NaCl, 20 mM MgCl2; 500 mL) was added,
giving a 1 mL solution in 1x Trizma. The mixture was vortexed for
3 min and then centrifuged for 17 min. The clear solution was
transferred to an empty tube and its fluorescence spectrum was
measured.

2.6. Spiked specimens for validation with human samples

This study is approved by Jeonbuk National University Hospital
Institutional Review Board (CUH 2021-02-037). The human nega-
tive samples were prepared as follow; The nasopharyngeal swab
from the person confirmed as negative in real-time reverse tran-
scription PCR for SARS-CoV-2 (Allplex SARS-CoV-2 Assay, Seegene
Inc, Seoul, South Korea) was acquired in eNAT tube (Copan Italy,
Brescia, Italy). The AccuPlex™ SARS-CoV-2 Reference Material Kit
(seracare, Milford, MA, U.S.), which was assigned as 5000 copies/
mL, was used for spiked samples, and 200 mL was spiked into the
nasopharyngeal swabs in eNAT tube. The nasopharyngeal sample
itself was used as negative samples. The SARS-CoV-2 RNA was
extracted using eMAG (bioM�erieux Inc, Marcy l’Etoile, France) ac-
cording tomanufacturer’s protocols with an input volume of 200 mL
and elution volume of 50 mL. The copy number in the extracted RNA
would be approximately 2 copies/mL.

The primer-free rehydration buffer (29.5 mL) was placed in a
1.5 mL tube and then 5 mL of 10 mM forward and reverse primers
(each 50pmole) were added into 1.5 mL tube with 2 mL of 100 mM
DTT. Next 5 mL of extracted SARS-CoV-2 RNA with 0.5 mL of RNase
Inhibitor and 1uL of M-MLV reverse transcriptase were added into
the tube. This solutionwas transferred to a TwistAmp Basic reaction
kit and a pipette was used to mix it with lyophilized enzymes. The
mixture was transferred to a 1.5-mL tube; 280 mM Mg(OAc)2
(2.5 mL) was added andmixed well. The RPA reactionwas incubated
at 42 �C for 20 min. To cleave the reverse primer, 10x Lambda
exonuclease buffer (5.7 mL) and Lambda exonuclease (5U/mL, 1 mL)
were added and the sample was incubated at 37 �C for 20 min.

3. Results and discussion

3.1. Design and reaction optimization

For this strategy, we designed an rkDNA probe sequence tar-
geting SARS-CoV-2 RNAdin particular, its N-gene, which is related
to the nucleocapsid phosphoprotein (Table S1) [30]. Based on this
3

sequence, we executed primer extension using Vent (exo-) DNA
polymerase and fluorescent morpholine naphthalimide deoxyur-
idine nucleotide (dUrkTP), which we prepared using a previously
reported procedure [31]. To confirm this step, we performed
denaturing polyacrylamide gel electrophoresis (PAGE); the suc-
cessfully extended rkDNA appeared in the gel, without staining, as a
fluorescent band at the same position as that of the template
sequence (Fig. S1). To isolate the rkDNA, Lambda exonuclease was
added to degrade the template containing 50-phosphate termini;
the fluorescent band in lane 5 confirmed the sequence of the fully
synthesized rkDNA probe (Fig. S1). This method for the preparation
of rkDNA probe using enzyme was simple and inexpensive.

Next, we optimized the amount of GO required to fully quench
the fluorescence of the rkDNA through PET [22,23]. We measured
the fluorescence spectra of a 1 mM solution of the rkDNA while
altering the amount of GO from 0.02 to 0.18 mg. The fluorescence of
the rkDNA was perfectly quenched after adding 0.18 mg of GO;
therefore, we employed these conditions when probing SARS-CoV-
2 RNA (Fig. S2).

We examined the reactivity of RPA with the N-SARS-CoV-2
target and its selectivity with the N-SARS-CoV mismatched target.
We designed RPA forward and reverse primers targeting N-SARS-
CoV-2; each primer had mismatched bases with N-SARS-CoV. We
confirmed the amplification of N-SARS-CoV-2 through denaturing
PAGE (Fig. 1a). The RPA reaction with N-SARS-CoV-2 target pro-
ceeded well, but the amplification of N-SARS-CoV did not occur.
Prior to applying the amplified target sequence to the rkDNAeGO
system, we had to degrade one of the strands of the amplified
duplex sequence, because a duplex DNA sequence would not hy-
bridize with the rkDNA. Without the amplified target DNA hy-
bridizing with the rkDNA, this sensing system would not function,
because the rkDNA would not be released from the surface of the
GO. Thus, we treated the amplified duplex from the RPA reaction
with Lambda exonuclease, which could recognize and degrade the
sequence containing the 50-phosphate terminus; afterward, only
single-stranded DNA remained (Fig. 1b).

We added the single-stranded RPA amplification product to the
rkDNAeGO system for the detection of N-SARS-CoV-2. When we
measured the fluorescence response of rkDNAeGO [0.1 mM (1 mL)
of rkDNA] in the presence of 1 nM N-SARS-CoV-2, we did not
observe a significant increase in fluorescenceWe suspected that the
target sequence concentration was insufficient to replace the
rkDNA on the surface of the GO. Accordingly, we increased the
amount of the forward and reverse primers from 10 pmole to
50pmole during the RPA reaction (Fig. S3), expecting to obtain
higher quantities of the target and, thereby, more effectively
displace the rkDNA. Indeed, the fluorescence intensity increased
dramatically upon increasing the concentrations of the primer
(Fig. S3). In a previous study, we found that the rkDNAeGO system
could not recover more than 80% of the fluorescence of the rkDNA
itself [21]. Therefore, the optimized conditions for the detection of
1 nMN-SARS-CoV-2 involved an RPA reaction using 50pmole of the
primers.

3.2. Sensitivity measurement

Next, we examined the sensitivity of detection under the opti-
mized conditions by varying the concentration of the target N-
SARS-CoV-2 from 1 fM to 1 nM (Fig. 2a). The limit of detection {LOD,
determined using the 3s method [LOD ¼ 3 � (SD/S), where SD is
the standard deviation and S is the slope of the logarithmic plot]}
was 7.2 fM (Fig. 2b, Fig. S5). This LOD was remarkably superior to
that (on the micromolar scale) of the rkDNA-GO system alone (i.e.,
without RPA) [21]. Thus the combined RPA/rkDNA-GO system was
much more efficient than the rkDNA-GO system as a detection



Fig. 1. (a) Denaturing PAGE (polyacrylamide gel electrophoresis in Urea) of the RPA for 1 nM of N-SARS-CoV-2 and N-SARS-CoV with RPA-Rev Primer and RPA-Fow Primer: lane 1:
1 nM of N-SARS-CoV-2 þ RPA-Rev Primer þ RPA-Fow Primer; lane 2: 1 nM of N-SARS-CoV-2 þ RPA-Rev Primer þ RPA-Fow Primer þ RPA enzyme kit; lane 3: 1 nM of N-SARS-
CoV þ RPA-Rev Primer þ RPA-Fow Primer; lane 4: N-SARS-CoV þ RPA-Rev Primer þ RPA-Fow Primer þ RPA enzyme kit. (b) Non-denaturing PAGE confirming the cleavage of the
extended reverse primer by Lambda exonuclease obtained through RPA lane 1: product of RPA reaction with N-SARS-CoV-2; lane 2: product of RPA reaction with N-SARS-CoV2,
treated with Lambda exonuclease. The gels were stained using SYBr gold. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 2. Sensitivity of combined RPA/rkDNAeGO probing system for the detection of N-
SARS-CoV-2. (a) Fluorescence response (lem ¼ 545 nm) with error bar of the RPA/
rkDNAeGO probing system in the presence of N-SARS-CoV-2 (1 fMe1 nM). (b) Linear
relationship between the fluorescence response and the logarithm of the concentra-
tion of the target N-SARS-CoV-2 (from 1 fM to 1 nM). F is fluorescence response of
different concentration target and Fo is fluorescence intensity of rkDNA-GO. Each
sample contained 0.1 mM (1 mL) of rkDNA in 25 mM Trizma buffer (25 mM Tris, 50 mM
NaCl, 10 mM MgCl2) and 0.18 mg of GO at pH 7.2. Excitation wavelength: 410 nm.
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probe. The total processing time for the detection of the target N-
SARS-CoV-2 was less than 1 h.

3.3. Selectivity measurement

Subsequently, we examined the selectivity toward the target N-
SARS-CoV-2 over N-SARS-CoV as the mismatched target (Fig. 3 and
S6). Probing 1 nM solutions of both N-SARS-CoV-2 and N-SARS-CoV
with the combined RPA/rkDNAeGO system, provided a discrimi-
nation factor of 8.26 (calculated as the ratio of the fluorescence
intensity differences obtained using N-SARS-CoV-2 and N-SARS-
CoV). To examine selectivity further by rkDNAeGO we amplified
each N-SARS-CoV-2 and N-SARS-CoV using their corresponding
primers and were added rkDNA-GO (targeting to N-SARS-CoV-2).
Fluorescence spectra exhibited positive response for target N-
SARS-CoV-2 but negative response for N-SARS-CoV (Fig. S9). We
suspect that this probing process involved two selection steps: (i)
the RPA system was selective because the primers interacted
differently with the target and mismatched sequences (Fig. 1a); (ii)
the rkDNA displacement with the amplified target sequence was
selective because the rkDNAeGO system could discriminate among
the many nonspecific amplification products from the RPA process
[24,32,33]. This double-selection process resulted in this system
displaying high selectivity.

3.4. Increasing of amplification time

We determined the saturation point of the RPA reaction by
varying the reaction time and the amount of the target N-SARS-
CoV-2 while using fixed amounts of the RPA primers and nucleo-
tides. We suspected that if we allowed enough time and sufficient
amounts of the RPA primers and nucleotides, we would find a
saturated point of fluorescence, even in the presence of a small
amount N-SARS-CoV-2. To determine the reaction time for a satu-
rated RPA, we fixed the concentration of N-SARS-CoV-2 at 1 fM and
compared the resulting amplification of fluorescence (Fig. S4) with
that obtained after the 20-min RPA using 1 nM of the target N-
SARS-CoV-2, knowing that it provided saturated fluorescence
(Fig. 2). We measured the changes in fluorescence for RPA reaction
times from 20 to 80 min in the presence of 1 fM N-SARS-CoV-2. A
saturated fluorescence signal appeared after 60 min; it was similar
to that obtained from the RPA reaction of the 1 nM target solution
after 20 min. Thus, even when the concentration of N-SARS-CoV-2
was 1 fM, we could detect a sufficiently strong signal if we applied a
4



Fig. 3. Selectivity of the combined RPA/rkDNAeGO probing system for 1 nM N-SARS-
CoV-2 over 1 nM N-SARS-CoV, determined by their fluorescence responses at
lem ¼ 545 nm. Each sample contained 0.1 mM (1 mL) of the rkDNA in 25 mM Trizma
buffer (25 mM Tris, 50 mM NaCl, 10 mM MgCl2) and 0.18 mg of GO at pH 7.2. Excitation
wavelength: 410 nm.
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reaction time of 1 h and used sufficient amounts of the RPA primers
and nucleotides.

Next, we examined the selectivity of the combined RPA/
rkDNAeGO probing system under these conditions, using the
mismatched target N-SARS-CoV (Fig. 4b). Interestingly, Fig. 4b re-
veals that the combined RPA/rkDNAeGO probing system provided
much higher selectivity (discrimination factor: 17.2) after a longer
Fig. 4. Sensitivity of the combined RPA/rkDNAeGO probing system for the detection of N-SA
time. (b) Selectivity of the RPA/rkDNAeGO probing system for 1 fM N-SARS-CoV-2 and 1 fM
response at lem ¼ 545 nm. (c) Fluorescence response (lem ¼ 545 nm) with error bar of the
Linear relationship between the fluorescence response and the logarithm of the concentra
different concentration target and Fo is fluorescence intensity of rkDNA-GO. Each sample c
10 mM MgCl2) and 0.18 mg of GO at pH 7.2. Excitation wavelength: 410 nm.
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RPA reaction time. We suspect that this higher selectivity arose
from the double-selection process (one form of selectivity in the
RPA reaction step and a second in the displacement step of the
rkDNAeGO with the amplified target DNA sequence).

Finally, we examined the sensitivity again when applying the
combined RPA/rkDNAeGO probing system under the optimized
conditions. Fig. 4c reveals that the sensitivity had increased yet
again: even 1 fM of N-SARS-CoV-2 could be detected clearly, with
an excellent LOD of 6.0 aM, calculated using the 3s method
(Fig. 4d). Other SASR-CoV-2 detection systems also used isothermal
amplification to increase sensitivity within short time. Compare
with CRISPR/Cas assays that is most advanced types of probing
system [15e17,34], RPA/rkDNAeGO probing system shows similar
selectivity and sensitivity, and may cheaper because we don’t need
to buy signal probe containing fluorophore and quencher that is
very expensive. CRISPR/Cas assays require complex process such as
RPA or LAMP for DNA amplification, CRISPR/Cas system for
providing high selectivity, and signal probe containing fluorophore
and quencher for signal amplification, and this whole process
request high cost. Also compare with RT-RAA assay [35], selectivity
may be strong point of our probing system because rkDNA-GO
provide additional selectivity. Thus, combining RPA with an
rkDNAeGO system can provide highly selective and sensitive
detection of N-SARS-CoV-2 and cost effective in a simple manner.
3.5. Spiked SARS-CoV-2 detection for validation with human
samples

Next, we tried to diagnosis spiked SARS-CoV-2 RNA containing
human full genome for validation of human samples using RPA/
rkDNA-GO probing system. For this study we used different rev
and fow primers and rkDNA because previous RPA primer did not
RS-CoV-2 when performing the RPA reaction for 1 h. (a) Concept for RPA amplifying by
N-SARS-CoV when using an RPA reaction time of 1 h, determined by the fluorescence
RPA/rkDNAeGO probing system in the presence of N-SARS-CoV-2 (1 aMe10 fM). (d)
tion of the target N-SARS-CoV-2 (from 1 aM to 10 fM). F is fluorescence response of
ontained 0.1 mM (1 mL) of rkDNA in 25 mM Trizma buffer (25 mM Tris, 50 mM NaCl,



Fig. 5. Results of spiked specimens using RPA/rkDNA-GO probing system. Blank is
rkDNA-GO without target. Significantly increased fluorescence intensity in positive
samples were observed.
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working for this spiked SARS-CoV-2 RNA sample (Table S1). We
examined and optimized detection condition with various dilution
of SARS-CoV-2 sample (Fig. S10). We confirmed that RPA/
rkDNAeGO probing system could diagnosis even by using spiked
SARS-CoV-2 containing human full genome, with high discrimi-
nation of negative controlled human samples (Fig. 5).

4. Conclusions

We have developed a novel, simple, inexpensive, and rapid
system for the diagnosis of COVID-19 disease. Combining RPA with
rkDNAeGO, we formed a probing system displaying high sensi-
tivity and selectivity for the N-gene of SARS-CoV-2; the RPA process
provided isothermal DNA amplification, while the rkDNAeGO
system provided an amplified fluorescence signal. We prepared
and isolated the rkDNA probe targeting the N-gene of SARS-CoV-2
through enzymatic synthetic methods and then loaded it onto the
surface of GO. Combining the rkDNAeGO systemwith the amplified
target sequence from the RPA process caused the rkDNA to be
displaced from the GO surface, thereby forming the duplexwith the
perfectly matched amplified target, leading to dramatic amplifica-
tion of the fluorescence signal; the system displayed high sensi-
tivity (7.2 fM) and selectivity, with detection possible within 1 h. By
increasing of reaction time of the RPA process to be total 1.6 h re-
action time, we could increase the sensitivity (to 6.0 aM) and
selectivity (discrimination factor: 17.2) even further. This system
appears suitable for point-of-care detection of N-SARS-CoV-2: all of
the processing is simple and rapid, and the diagnosis can be made
with extremely high sensitivity and selectivity. Furthermore, this
combined RPA/rkDNAeGO probing system might also be useful for
the detection of other types of viruses.
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